Electrons with spin-orbit coupling moving in mesoscopic structures can often exhibit local spin polarization. In this paper, we study the influence of the Rashba coupling on the scattering of two-dimensional electrons from a circular disk. It is observed that spin-polarized regions exist, even if the incident electrons are unpolarized. In addition to the distributions of charge and spin current in the near-field region, we also analyze the symmetry and the differential cross-section of the scattering.
I. INTRODUCTION
Spin-orbit interaction influences the electronic and transport properties of semiconductors. For example, it lifts the degeneracy of the valence bands, modifies the electron g-factor, 1 and causes skew scattering in the presence of (spinless) impurities. Such a skew scattering is a possible mechanism for the extrinsic spin Hall effect.
2
In addition, spin-orbit interaction plays an important role in the recently proposed intrinsic spin Hall effect.
3,4
It is also crucial in the mechanisms of spin relaxation and optical orientation in semiconductors. 5, 6 It is highly desirable to generate flows of polarized spins in semiconductors with the help of the spin-orbit interaction. In these endeavors, the Rashba spin-orbit coupling 7 in two-dimensional electron gas (2DEG) plays a special role since it allows manipulation of spin flows by varying the gate bias. This has motivated several creative proposals for its application. 8 To explore the possibilities, the effect of Rashba coupling in many types of mesoscopic structure have been investigated, such as a quantum wire, 9 a quantum ring, 10 and a quantum dot.
11,12
In several studies, it was found that a device with a simple geometry, in combination with the Rashba coupling, could serve as a spin filter. For example, the device could be a T-shaped channel, 13 a quantum point contact, 14 parallel interfaces that cause double refraction, 15 or even just a curved wire. 16 After applying a magnetic field, we could further build a spin filter based on electron focusing, 17 or based on the an interferometer of the Stern-Gerlach type.
18
In this paper, we study the scattering of electrons by a disk in the 2DEG with Rashba coupling.
19
The analysis can be applied to a wide range of situations in which the radius R of the disk can be much smaller, roughly the same, or much larger than the electron wave length λ. For example, the usual impurity scattering can be simulated with R λ, while the scattering by an artificial mesoscopic disk corresponds to R ≈ λ. Here we focus on the latter case to search for possible effect of local spin generation. We find that, because of the Rashba coupling, spin-up and spin-down electrons are indeed separated and accumulate in regions of curved stripes. The associated charge and spin currents are analyzed in details.
In addition, the properties of symmetry, as well as the differential cross-section, are also investigated.
20
This paper is organized as follows: Sec. II is the theoretical analysis. In Sec. III, the results from numerical calculations are presented. Sec. IV is the conclusion.
II. ANALYSIS OF THE DISK SCATTERING
A. Hard disk scattering
Consider a two-dimensional electron system with a circular disk at the origin,
where V (r) = V 0 when r ≤ R and 0 otherwise. In the following, the potential of the disk is considered infinite ("hard" disk). The two-component wave function (ψ 1 , ψ 2 ) T with energy E satisfies the coupled equations:
It follows that the energy eigenstates of the Hamiltonian with momentum k, helicity η
, and angular momentum (n + 1/2)h (where n is an integer)
where Ω ηn can be a Bessel function, a Neumann function, or their linear combination, such as a Hankel function. We will choose the Hankel functions as the eigen-basis since their behavior at large radius suits the boundary condition for scattering.
The energy eigenstate of the Schroedinger equation with energy E and angular momentum (n + 1/2)h can be written as
where E =h The incident plane wave with momentum k and helicity η can be decomposed as the following linear superposition:
The Bessel functions J n (kr) can be further decomposed as Hankel functions H 1 n (kr) and H 2 n (kr), the former correspond to outgoing circular waves, while the later correspond to incoming circular waves (with no phase shift). If an incident wave has a definite helicity, Ψ in,+ , then by comparing Eq. (4) with the components of Eq. (5) at large distance, one will
√ 2 and d n = 0 (i.e. no incoming circular wave with negative helicity) for all n. The coefficients a n and c n need to be determined from the boundary condition at r = R.
For a hard disk, it can be shown that
wherek ≡ kR andk ≡ k R. Notice that the nonzero probability amplitudes c n lead to outgoing waves with flipped helicity. For reference, if the incident wave is Ψ in,− , then b n = 0
At the mean time, the roles of k and k , as well as the roles of a n and c n , have to be interchanged.
A note on the unitary condition: for convenience of discussion, consider an incoming wave with positive helicity and angular momentum (n + 1/2)h (i.e., the b n -wavelet). Because the angular momentum is conserved during the scattering, the electron can only be scattered to a n and c n channels with the same n. From particle conservation at large distance, one expects that the probability amplitudes in Eq. (4) should satisfy
for all n, which has indeed been confirmed in our numerical calculation.
B. Properties of symmetry
The system has a mirror symmetry with respect to the x-axis. Therefore, by analyzing the Schrodinger equation with y replaced by −y , one finds Ψ( r * ) = −σ y Ψ( r), where r = (x, y), and r * ≡ (x, −y) is the mirror-reflected point of r. Such as relation can also be obtained by a space inversion of the (three-dimensional) coordinate, followed by a rotation with respect to the new y-axis by 180 degrees. Consequently, for the expectation value of the spin, we
In a Rashba system, the current density operator is defined as,
Therefore, the distribution of the expectation value of the current density has the following symmetry:
We adopt the generally accepted definition of the spin current density operator,
These symmetries will be confirmed by the numerical results in Sec. III.
C. Asymptotic behavior of the scattered wave
For convenience, the wave function Ψ n can be seperated into an incident plane wave and a scattered wave. At large distance with kr 1, the scattered wave has the asymptotic form,
where
Also, for the incoming plane wave Ψ in,+ ,
Therefore, f -spinor and g-spinor possess spins with opposite directions at large distance.
Both spins lie on the plane and are perpendicular to the direction of propagation. One can obtain the same equations for the incoming wave Ψ in,− , but the signs of the spin expectation values are opposite.
After a straightforward calculation, one can show that the scattered current density at large distance is
from which the differential cross-section σ (φ) ≡ r| j sc |/| j in | can be calculated. For incoming waves Ψ in,+ and Ψ in,− , the current densities | j in,+ | and | j in,− | arehk/m+α/h andhk /m−α/h respectively. In fact, they are equal in magnitude if the two incident waves have the same energy. Therefore, the differential cross-sections σ η for incoming waves with helicity η are
where f η is the f -spinor in Eq. (12), but with the coefficients a n and b n suitably chosen for the scattering of Ψ in,η , similarly for g η (see the discussion following Eq. (6)). The differential cross-sections σ η,η and σ η,−η represent helicity-preserved and helicity-flipped scatterings respectively. If the incoming wave is an incoherent mixture of both helicities with fractional populations P η , then the differential cross-section is simply the weighted average of the two differential cross-sections:
III. DISTRIBUTIONS OF CHARGE AND SPIN
In the following, we report on the distributions of spin density, charge current density, and spin current density, assuming the wave length of the incident wave λ = R. We have also studied the cases with a larger λ (e.g. λ = 3R) and a smaller λ (e.g. λ = R/3). These results are not presented since the main difference is the change of scales. In the limit of (11) and (13)] and would decay to zero at large distance.
Unlike the spins in Fig. 1 , the distribution of charge current (Fig. 2) , as well as the differential cross-section (Fig. 3) , which is defined using the charge current densities, are not sensitive to the strength of the Rashba coupling, and look very similar even if the coupling is turned off. Notice that Rashba spin-orbit coupling in fact preserves the helicity. The major cause of the helicity flip is the potential V (r), which is incompatible with the helicity operator. In Fig. 2 , the distribution of charge current density from the scattering of Ψ in,+
shows the expected pattern of the flow around the disk. If the incident wave is a mixed state, then instead of cancellation, the slightly displaced current densities from both helicities will add up.
The differential cross-sections for Ψ in,+ are shown in Fig. 3 . It can be seen that the helicity-preserved scattering (σ ++ ) peaks at the forward direction (φ = 0, 2π), while the helicity-flipped scattering (σ +− ) peaks at the backward direction (φ = π). At the backward direction, σ ++ (π) = 0. Therefore, the helicity of the electron has to be flipped, but its spin remains conserved. At longer wave length λ = 10R, σ +− gains more weight and the total differential cross-section σ + = σ ++ + σ +− becomes more isotropic.
The distributions of spin current density are shown in Fig. 4 . In Fig. 4 , it can be seen that j z s oscillates both in amplitude and direction between the curved stripes. An incident wave with opposite helicity would reverse such a flow. Therefore, part of these flows are cancelled if the incident current is not polarized. However, local spin current that oscillates in space still exist, similar to the case of the spin density in Fig. 1 . 
IV. CONCLUSION
In summary, the influence of the spin-orbit coupling on the scattering of 2D electrons from a hard disk is studied. Such a simple setup offers us a good opportunity to investigate the properties of spin and spin current in details. We focus our attention on the near-field regime, where the scattered wave is comparable to the incident wave, and appreciable outof-plane spins can be found. This work offers us a clear understanding of the microscopic dynamics around the mesoscopic disk, and could serve as a basis for future works considering a threaded magnetic flux in the disk, or a hybrid device involving a disk as a component. Rashba, cond-mat/0404723. 22 We have also plotted the same distributions using the spin current recently proposed by Ping Zhang, Junren Shi, Di Xiao, and Qian Niu, cond-mat/0503505. For j x s and j y s , the patterns of the variation look similar to the ones shown in Fig. 4 ; for j z s , the stripes on the left of the disk are enhanced and more visible.
23 E.I. Rashba, cond-mat/0408119, invited talk at the 3rd Intern. Conf. on Physics and Applications of Spin-Related Phenomena in Semiconductors, Santa Barbara (CA), July 21-23.
